The public health burden of depression is tremendous. World Health Organization worldwide estimates for 2000 rank depression fourth among all causes of disability-adjusted life-years lost (4.4%) and first among all causes of years lived with disability (11.9%) (1) . The Americas and Europe have higher percentages, approaching 25% for disability-adjusted life-years and 43% for years lived with disability (1). Depression increases the risk for suicide and all-cause mortality; detrimentally affects physical, mental, and social functioning; is associated with worse cognitive functioning; and leads to greater health-care-service use and costs (2) . Improved understanding of the role of modifiable risk factors for depression could help in addressing the public health burden of these disorders.
Some pesticides are neurotoxic (3) , and experimental evidence indicates effects on neural systems known to underlie depression (3) (4) (5) (6) . Recent epidemiologic evidence also shows associations between pesticide exposures and depression (7) (8) (9) (10) . Some studies have considered pesticide exposures in general, while others have targeted specific compounds, in particular organophosphates. Only within the Agricultural Health Study hasthis question been explored with detailed data on exposures to different pesticide families (11, 12) . These studies found depression associated with exposure to several pesticide families, although the extent to which any individual result was driven by correlation with other pesticides was not clear. Therefore, we explored the association between professional pesticide exposures and lifetime history of depression among agricultural workers in France exposed to a wide variety of pesticides.
MATERIALS AND METHODS

Participants
This study was conducted among participants of a casecontrol study originally aimed at investigating the relation between pesticides and Parkinson's disease (PD). The original study's details, from which all the data for the current study derive, have been described previously (13) . We describe the core study methods below; additional details are provided in the Web Appendix available at http://aje.oxfordjournals.org/. Participants were active or retired workers in agriculture and related occupations recruited through their membership in MutualitéSocialeAgricolefrom 1998to2000, theFrench health insurance for such workers. PD patients 18-75 years of age and up to 3 controls per case matched on age (within 2 years), sex, and region of residence were recruited (participation rates: cases, 83%; controls, 75%). Although not representative of all France, the PD controls were representative of the French population with the age and sex distribution typical of PD patients. PD cases or PD controls with a record of free health care for dementia were not eligible. The research protocol was approved by the ethics committee of Hôpital du Kremlin-Bicêtre, and all subjects signed an informed consent.
Pesticide exposure assessment
Pesticide exposure was assessed by using a 2-phase procedure (14, 15) that consisted of initial self-reported occupational history followed by extensive in-home interviews of all who professionally used pesticides to obtain detailed pesticide use data (13) . The in-home interviews consisted of a half-day or more of detailed questioning by a Mutualité Sociale Agricole occupational health physician. Detailed pesticide use for each of the farm/crop/animal combinations was obtained including pesticides used, specific years used, and hours/year used. Interviewers visited farms, discussed technical issues, examined old pesticide containers and packages, and reviewed bills and farming calendars. Data were reviewed by 2 epidemiologists, 2 occupational health physicians, and an agronomist to check for consistency on issues such as pesticide availability at the reported date of use, likelihood of use for the target crop/animal, and likelihood of duration/frequency of use given the land size or number of animals. When some information was deemed implausible, the occupational health physician recontacted the participant. Pesticides were coded on the basis of chemical similarities by using a pesticide dictionary (http://www.alan wood.net/pesticides), and individual pesticide families were grouped into 3 main pesticide classes: insecticides, herbicides, and fungicides.
Depression and covariate assessment
Participants were administered in-person questionnaires by a Mutualité Sociale Agricole physician who asked if they had ever been treated (antidepressants, lithium, sismotherapy) or hospitalized for depression as a single question. For brevity, we refer to this as "depression." If they had, they were asked to provide their age at the first such instance. Questionnaire data also included date of birth, lifetime cigarette smoking (including start and end year), age of the participant when he/ she ended schooling, history of stroke, and history of head trauma with loss of consciousness. All participants were also asked about use of home-gardening pesticides.
Statistical methods
Because there are important differences between farmers and nonfarmers with respect to lifestyle factors that may be associated with different rates of depression, as well as possible differences in health-seeking behavior for psychiatric conditions, and because nonfarmers were not professionally exposed to pesticides, analyses were restricted to participants who reported working in agriculture (mainly farm owners and workers) at least once in order to restrict analyses to a more homogeneous group and to reduce the risk of residual confounding (16) .
Because of the time-dependent nature of both exposure and outcome, the analytical data set was created with multiple lines per subject, one for each year of age from birth up to the age of first depression or year of PD diagnosis (for PD cases) or the age at interview (for PD controls), whichever came first. Therefore, in PD cases, first depression occurring after PD onset was not included in the analysis. Each line included an indicator variable for ever/never exposed to each of the different pesticide families and pesticide classes and updated cumulative hours and cumulative years of individual pesticide family and class use. Similarly, cigarette smoking, history of head trauma with loss of consciousness, history of stroke, and gardening pesticide use were updated for each year. Analyses of specific families of pesticides were restricted to those used by >5% of nondepressed farmers.
We used Cox proportional hazards models for timedependent variables, stratified by region and using age as the time scale, to estimate hazard ratios and 95% confidence intervals for depression by pesticide exposure status. Participants contributed follow-up time from birth to age at first depression, age at PD onset (for PD cases), or age at interview (for PD controls), whichever came first. Continuous pesticide use variables were split into 3 groups: 1) no use, 2) groups below the median, and 3) groups at or above the median among users. Trend tests were performed by using a continuous variable created by assigning to each participant the median value of his/ her group. Our main analyses included all farmers and were adjusted for sex, PD status, education (age at end of schooling: <11 years, 11-13 years, >13 years), cigarette smoking, and history of head trauma with loss of consciousness. The last 2 were included in the model as time-dependent variables. In sensitivity analyses, we additionally included history of stroke and use of pesticides for gardening as time-dependent variables, as well as an additional stratification variable for the calendar year time period (before 1971, 1971-1980, 1981-1994, after 1994) all in the same model. We performed additional sensitivityanalysesrestrictedtomales,becausetheyapplypesticides considerably more frequently than women, and restricted to PD controls, because depression may be an early PD nonmotor symptom. Behavioral changes related to other early PD symptoms could affect exposure before depression.
We first conducted complete-data analyses in which observations with missing information for any of the predictors are deleted from the analyses (17) . This approach is appropriate when missingness is low, which was the case for the pesticide classes (insecticides, fungicides, herbicides; missingness <3%). For analyses of pesticide families, we also used multiple imputation to impute missing use values (13, 17, 18) . For each pesticide family, multiple imputation was done independently of that for other pesticides, as joint imputation across 50 pesticide families is computationally intractable. We used SAS PROC multiple imputation to generate 10 imputed use history data sets; each of these was then reduced to a use summary data set and an analytical data set including time-dependent variables. Each data set was analyzed separately, and the 10 sets of results were pooled by using SAS PROC MIANALYZE. Note that multiple imputation allows multivariable exposure analyses because each of the data sets analyzed is complete. SAS, version 9.2, software (SAS Institute, Inc., Cary, North Carolina) was used for all analyses.
RESULTS
Of 781 participants (224 PD cases, 557 PD controls), 15 had missing data for depression treatment or hospitalization or age at which that first occurred. Of the remaining 766 participants, 567 (74%; 177 cases, 390 controls) had held a farming occupation at least once, of whom 83 (14.6%; 26 cases, 57 controls) reported having been treated or hospitalized for depression. Among 335 (101 cases, 234 controls) male farmers and 232 (76 cases, 156 controls) female farmers, 33 men (9.8%; 10 cases, 23 controls) and 50 women (21.6%; 16 cases, 34 controls) had been treated or hospitalized for depression. The mean age at study recruitment was 67.6 (standard deviation, 6.8; range, 37-78) years and, at first treatment or hospitalization for depression, was 48.9 (standard deviation, 14.2; range, 15-77) years.
Characteristics of the nondepressed study population by sex and professional pesticide use are shown in Table 1 . Use was much more common among men (87%) than women (16%). Table 2 shows the 26 specific families of pesticides used by >5% of nondepressed farmers, grouped by insecticides, fungicides, and herbicides. There was substantial correlation in use of the different classes of pesticides (Web Table 1 ).
There was little association between insecticides or fungicides and depression, with only a slightly elevated hazard ratio for use of any pesticide in adjusted analyses (Table 3) . However, the hazard ratio for herbicide use was almost 2 and was slightly higher in analyses restricted to only PD controls or men. Further adjustment for history of stroke and gardening pesticide use, as well as including time period as an additional stratification variable, gave similar results (hazard ratio (HR) = 1.77,95%confidenceinterval (CI):0.80,3.90).Inanalyses mutually adjusted for the other pesticide classes, there remained no association with insecticides or fungicides, while the results for herbicides were stronger (HR = 3.30, 95% CI: 1.12, 9.73). Similar results were found in analyses restricted to PD controls or men.
There was an increasing hazard ratio for depression with increasing cumulative years of herbicide use. Those reporting the median 19 years or more of use had a hazard ratio of 2.31 (95% CI: 1.05, 5.10) compared with nonusers ( Figure 1) . A similar dose-response relationship was seen for cumulative hours of use (Figure 1) . In trend analyses, the hazard ratio for 10 years of herbicide exposure was 1.34 (95% CI: 1.01, 1.76) and for 100 hours of herbicide exposure was 1.25 (95% CI: 1.00, 1.55). No dose-response relationship was seen for insecticides or fungicides, but additional adjustment for use of these led to stronger results for duration (<19 years, HR = 2.24, 95% CI: 0.80, 6.25; ≥19 years, HR = 3.65, 95% CI: 1.31, 10.17) and intensity (<137 hours, HR = 2.39, 95% CI: 0.89, 6.41; ≥137 hours, HR = 4.14, 95% CI: 1.42, 12.12) of herbicide use.
In complete data analyses of specific herbicide family use, we found an increased hazard ratio for depression for use of carbamates, picolinic acid, and dinitrophenol in particular (Table 4) . Missing data for these individual herbicide families ranged from 9.1% to 18.2% at the end of follow-up among nondepressed farmers. In analyses based on multiple imputation, the hazard ratio for these herbicides was somewhat reduced (Table 4) . Of these, exposure to dinitrophenol was most common and, thus, this hazard ratio had the narrowest confidence interval. Results were essentially unchanged when additional adjustment was made for insecticides and fungicides. No association with depression was seen for any individual insecticide and fungicide family, with or without adjustment for herbicides (Web Table 2 ). For all pesticides considered, results were similar in analyses of PD controls or men only, although confidence intervals were wider because of reduced numbers (data not shown).
Results were similar when we considered different "farmer" definitions in forming our base study population, specifically: whether the participant was a farmer after age 20, was a farmer whose longest-held occupation was farming, or was a farmer whose last occupation was farming (data not shown).
DISCUSSION
We found an elevated depression rate among farmers who used herbicides and a marked dose-response relationship with a Only those pesticide families (n = 26) to which >5% of nondepressed farmers were exposed. both increasing duration and intensity of herbicide use. These results were independent of insecticide or fungicide useneither of which exhibited an association with depressionand independent of several other lifestyle and health variables. The dinitrophenol herbicide family was associated with depression in both complete data and multiple imputation analyses, but other herbicide families showed associations that were suggestively elevated. However, we could not adjust these analyses for all herbicide families simultaneously. We found no association with specific insecticide or fungicide families. Although this study was a secondary analysis of data from a PD case-control study, because the original study found no association between herbicides and PD (13), the analyses adjusting for PD case status provide valid estimates of the herbicide-depression association (19, 20) . Similarly, the estimate from analyses among controls only is also valid-even for the insecticide association because the prevalence of PD is low-although less precise. The lifetime prevalence of depression is an estimated 16% in the United States and 18% in France when using face-toface interviews with the World Health Organization Composite International Diagnostic Interview (which provides diagnoses based on the Diagnostic and Statistical Manual of Mental Disorders-IV), similar to the 15% found in our study (21, 22) . Our sex-specific prevalence (22% women/10% men) was also similar to that in French data (24% women/ 12% men). This suggests that despite self-reported depression (specifically treatment or hospitalization) in our study, we still captured this outcome reasonably well. French data suggest a mean age at first depressive episode of about 30 years of age (22), which is younger than the mean of 49 years at first treatment or hospitalization for depression we found among our farmers. This likely reflects both the age distribution of our sample originally recruited for a PD study and the age distribution of the Mutualité Sociale Agricole population, which is considerably older than the French general population (23) , as well as a delay between first depressive episode and treatment or hospitalization for depression.
A higher frequency of depression has been found among pesticide formulators or applicators in some studies (8, 24) , and others focusing more explicitly on organophosphate exposure have found associations with greater risk of depression or depressive symptoms (9, 10) . However, coexposure to other pesticides is hard to rule out. Other pesticide classes have been studied directly less often. Carbamate-poisoned banana workers did not show increased symptoms of depression and anxiety (10), but they did show an elevated odds ratio for suicidal thoughts (odds ratio (OR) = 2.57, 95% CI: 0.73, 9.81) (10). Suicide itself, however, is influenced not just by depression but also by traits like hostility and impulsivity. With that caveat in mind, however, the odds ratio for suicide in a study of Canadian farmers was not higher for insecticide spraying alone, but 71% higher (OR = 1.71, 95% CI: 1.08, 2.71) for combined herbicide and insecticide spraying compared with those who didn't spray those products (25) .
The only prior study of which we are aware to specifically examine depression in relation to herbicide exposure is the Agricultural Health Study. Among pesticide applicators in the Agricultural Health Study, the odds ratios for a depression diagnosis were elevated for ever exposure to insecticides, fungicides, and fumigants and to organochlorines or organophosphates specifically (12) . Intriguingly, the odds ratio for herbicides was as large as that for insecticides and larger than all other pesticides, but it had a wide confidence interval (OR = 0.05, 95% CI: 0.76, 5.54). However, there was no dose-response relationship for any specific pesticide group, and which pesticide group or groups were independently associated with depression is somewhat unclear because specific pesticide group analyses were not adjusted for the other pesticides. Furthermore, strong associations between pesticide poisoning and a high pesticide exposure event were seen, but these were not included in analyses of specific pesticides. Among female spouses of pesticide applicators in the Agricultural Health Study, use of insecticides, fungicides, and fumigants was weakly associated with depression when adjustment was made for pesticide poisonings (ORs from 1.09 to 1.25, lower 95% CIs: 0.91, 0.99), while the odds ratio for herbicides was 1.07 (95% CI: 0.97, 1.18) (11). These findings were not adjusted for other pesticide classes.
In the present study, we did not find any association between organophosphate pesticide use and depression. Prior studies clearly showed a strong relationship with organophosphate poisonings or high pesticide exposure events. When longterm exposure was considered, either results were weak or Figure 1 . Hazard ratios (diamonds) and 95% confidence intervals (vertical bars) for depression by cumulative years (A) (median years, 19) and hours (B) (median hours, 137) of exposure to herbicides, adjusted for age (time scale), region (stratification variable), Parkinson's disease status, sex, cigarette smoking, education, and history of head trauma with loss of consciousness. The numbers of depression cases among the unexposed, those below the median, and those at or above the median are 53, 9, and 21 (A) and 53, 11, and 19 (B).
were not adjusted for poisonings or high exposure events, so these could have been driving the associations seen with long-term exposure. If this is the case, then the lack of association with organophosphates in our population could be explained if poisonings or high pesticide exposure events were less common. Alternatively, the organophosphorous family of insecticides includes many products that were all grouped in our analyses. If only specific organophosphorous products are related to depression, this could have obscured findings with the larger category. Exposure misclassification could also have obscured an association. Other possible explanations of the discrepancy with previous studies include different levels of exposure, differences in usage practices including use of personal protective equipment, application method, or different types of organophosphates used in France compared with other countries.
Because herbicide targets are often biochemical processes unique to plants, it is generally thought that herbicides are less neurotoxic than other classes of pesticides-in particular insecticides-although some herbicide neurotoxicity has been reported (3). Dinitrophenol is a nonspecific mitochondrial oxidative phosphorylation uncoupler, which reduces cellular adenosine triphosphate production and thereby can be neurotoxic by depleting neurons' energy stores. Many other herbicides, including paraquat, chlorophenoxy herbicides, carbamates, picolinic acid, and atrazine (a triazine), also can have neurotoxic effects (5, (26) (27) (28) (29) (30) .
A strength of our study was the detailed data on classes and many families of pesticides, with a wide range of use. In addition, we could determine pesticide use specifically prior to first treatment or hospitalization for depression. There were also several limitations. First, information on depression treatment or hospitalization was self-reported. However, avalidation study found that 74% of a sample self-reporting physiciandiagnosed depression was confirmed as meeting depression criteria using a validated instrument (31) , and the overall percentages of depression in our study sample were very close to French national figures. Furthermore, because of the requirement of obtaining services from the medical system for treatment or hospitalization, our approach likely minimized false positive diagnoses. In contrast, focusing on depression, treatment, or hospitalization could have missed some participants with symptoms who did not seek treatment. There could also have been some error in reporting the timing of first treatment or hospitalization. The reliability of self-reported age at onset of depression symptoms has been found to be low (32, 33) , but depression symptoms are generally episodic, and cognitive psychology research shows that information about when an episodic experience first occurred is one of the least wellremembered aspects of experience (34, 35) . In contrast, memory for distinctive events, as treatment or hospitalization would be, is better, and this is borne out in studies that suggest selfreported age at physician depression diagnosis or age at onset of psychiatric conditions with more vivid onset, like panic, is adequate or better (31, 33) . Importantly, however, diagnostic misclassification of depression itself or the timing of its onset is likely to be independent from pesticide exposure and would therefore bias associations toward the null.
Other limitations include small numbers of exposed depression cases for many herbicide families and the lack of acute pesticide poisoning data, which has been associated with depression or suicide (7, (9) (10) (11) (12) . These studies generally targeted poisonings by organophosphates or pesticides in general; thus, it seems unlikely that this could account for an herbicidespecific association, in particular one with a strong dose-response relationship. Another limitation is the possibility of untreated depression prior to first treatment or hospitalization influencing pesticide use patterns. Our herbicide-specific results, however, also argue somewhat against this limitation's causing a spurious association, as that would require untreated depression to lead to greater herbicide use specifically. In contrast, this limitation could potentially contribute to the null findings for insecticides and fungicides if untreated depression led to less use of pesticides in general, which would have biased results for all classes towards the null. Limited psychosocial data, which can be important predictors of depression, are an additional limitation, but the herbicide-specific findings also argue against this having caused the association. In summary, our findings suggest an association between herbicides and depression. The possibility that environmental contaminants could affect psychological health has been generally underappreciated. Herbicide exposure in particular has received little research attention. If true, our findings have important public health implications for agricultural workers given the tremendous public health burden of depression and the fact that herbicides are widely used in agriculture and landscape management. In the United States, herbicides make up about 65% of all agricultural pesticide use (36) . Our findings suggest the opportunity for public health intervention measures to educate and reduce exposures to these compounds that could have great public health impact. Of additional importance is the likelihood of widespread herbicide exposure to the general public from residential use. An estimated 40% of US households use herbicides for home and garden purposes, and the amount of herbicides applied dwarfs insecticides, fungicides, or other pesticides (36) . Although exposures from such use may be less than among agricultural workers, determining whether similar associations are seen at lower levels of exposure should be explored.
